ABSTRACT
. The purpose of our study was to characterize the genetic organization, resistance 105 contributions, biochemical activity, and regulation of the C. difficile β-lactamase. To accomplish 106 this, we deleted the genes encoding the β-lactamase and the upstream predicted membrane 107 protein in C. difficile, and examined the resulting resistance profiles and biochemical activity.
108
Notably, we observed that the C. difficile β-lactamases are inactivated by oxygen, which has not 109 been described for other class D β-lactamases. We also examined how this β-lactamase 110 enzyme is transported, and detail its mechanism of regulation. We demonstrate that unlike other 111 described β-lactamases, the C. difficile β-lactamase is co-transcribed with a membrane protein 112 that facilitates β-lactamase processing and function. These results further our understanding of 113 β-lactam resistance in C. difficile, which may expose approaches to prevent or treat β-lactam-114 associated CDI.
116

MATERIALS AND METHODS
117
Bacterial strains and growth conditions
118
Bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli was 119 grown at 37°C in LB medium with 100 μg/mL ampicillin (Sigma-Aldrich) and 20 μg/mL 120 chloramphenicol (Sigma-Aldrich) when necessary (41). C. difficile was grown anaerobically at 121 37°C as previously described (42) 
125
Aldrich), 75 μg/mL polymyxin B (Sigma-Aldrich), 1 mg/mL lysozyme (Fisher Scientific), 7.5 126 μg/mL nisin (MP Biomedicals), 2 μg/mL LL-37 (Anaspec), or 250 μg/mL kanamycin (Sigma-127 Aldrich) when specified.
129
Strain and plasmid construction
130
The oligonucleotide primers used in this study are listed in Table 2 . Primer design and the 131 template for PCR reactions were based on C. difficile strain 630 (GenBank accession 132 NC_009089.1), except for pMC896, which was based on strain M120 (GenBank accession 133 FN665653.1).
134
The blaX::erm and blaI::erm mutant strains were created by retargeting the Group II 135 intron from pCE240 with the primers listed in Table 2 , as previously described (43). To generate 136 insertional disruptions, transconjugants were selected on 5 μg/mL erythromycin (Sigma-Aldrich),
137
and 50 μg/mL kanamycin (Sigma-Aldrich) to select against E. coli.
138
The ΔblaXD mutant strain was created using a pseudo-suicide plasmid technique, as 139 described previously, with slight variation (44). Briefly, 500 bp regions homologous to the 5' and 140 3' ends of the bla operon were amplified and Gibson assembled into the PmeI site of plasmid 141 pMTLSC7215 to create plasmid pMC822. The plasmid was purified using a miniprep kit (Zymo
142
Research), transformed into E. coli strain HB101 pRK24, and introduced into C. difficile by 143 conjugation. C. difficile harboring the plasmid were selected on BHIS agar containing 15 μg/mL 144 thiamphenicol, streaked onto BHIS agar, and subsequently on BHIS agar with 15 μg/mL 145 thiamphenicol and 100 μg/mL kanamycin to force plasmid integration and counterselect against 146 E. coli. A clone that screened positive for two crossover events was streaked to purity on BHIS 147 agar for three more passages and the loss of plasmid was confirmed via sensitivity to 5 μg/mL 148 thiamphenicol on BHIS agar.
149
Detailed construction of plasmids can be found in Figure S1 . Plasmids were transferred 150 to C. difficile as previously described, with slight variation (45, 46) . Briefly, plasmids were 151 chemically transformed into E. coli strain HB101 pRK24 and mated with C. difficile on agar
152
plates for 48 h. Transconjugants were selected on BHIS agar containing 10 μg/mL 153 thiamphenicol for plasmid selection and 100 μg/mL kanamycin to counterselect against E. coli.
155
Nitrocefin hydrolysis disk assays 156 β-lactamase activity was assessed by hydrolysis of nitrocefin, a chromogenic cephalosporin
157
(Sigma-Aldrich). Briefly, C. difficile was grown overnight in BHIS to log phase, then diluted to an 158 OD 600 of 0.05 in BHIS medium with or without 2 μg/mL ampicillin. Cultures were grown to an 159 OD 600 of 0.45-0.55, and 1 mL of culture was collected and centrifuged for 3 minutes at 21,130 160 rcf. All but approximately 30 μL of the supernatant was decanted, the pellets were resuspended,
161
and the cells were spotted onto a nitrocefin disk. The disks were incubated aerobically or 162 anaerobically for 2 h at 37°C, as noted.
164
Nitrocefin liquid hydrolysis assays 165 β-lactamase activity was determined for complemented strains via anaerobic liquid nitrocefin 166 assays, as previously reported, with some modifications (47). Briefly, C. difficile was grown 167 overnight in BHIS with 2 μg/mL thiamphenicol to log phase, then diluted to an OD 600 of 0.05 in
168
BHIS medium with 2 μg/mL thiamphenicol and 2 μg/mL ampicillin. Cultures were grown to an
169
OD 600 of 0.45 -0.55, 1 mL of culture was collected (in duplicate), and cells centrifuged for 3 min 170 at 21,130 rcf. For whole cell reactions, supernatant was transferred to a fresh tube, and 171 nitrocefin (BioVision) was added to supernatant or whole cell suspensions at a final 172 concentration of 50 μM. For lysed cell reactions, pelleted cells were frozen at -20°C until use.
173
Pellets were resuspended in lysis buffer (100 mM sodium phosphate + 50 mM sodium 174 bicarbonate, pH 7.4), and DTT (Fisher Scientific) 
266
Analysis of the region surrounding blaD revealed the presence of another gene,
267
CD0457, which appeared to be part of an operon with blaD. Figure 2A illustrates the putative 268 bla operon, in which CD0457 is located 27 nucleotides upstream of the start codon of CD0458.
269
To determine if expression of CD0457 is similarly induced upon β-lactam exposure, we 
277
To determine if the CD0457 and blaD genes are part of a single cistronic unit, we 278 assessed the linkage of these transcripts by amplifying the region between CD0457 and blaD 279 from cDNA generated after exposure of C. difficile strains 630Δerm and R20291 to ampicillin
280
( Figure S4A ). Figure S4B illustrates the results of the PCR from cDNA that generated a 281 product of 1 kb, which matches the genomic DNA product from the same strain. blaX::erm mutant, the product is presumably non-functional because of the insertional mutation.
We confirmed that neither the blaX nor the blaD transcript was expressed in the ΔblaXD mutant
311
( Figure S5 ).
312
Based on the induction of β-lactamase activity and the induction of the bla operon by β-313 lactams, we hypothesized that deletion of the operon would reduce C. difficile resistance to β- 347 Figure S6 shows that expression of blaX and blaD were induced in the presence of kanamycin 348 and polymyxin B. However, these levels of expression are not statistically significant and were
349
less than 3% of the levels seen for expression after β-lactam exposure, suggesting that the high 350 levels of induction of blaX and blaD are specific to β-lactams.
351
Although the levels of blaX and blaD induction were high in all three β-lactams, 
376
the amino acid sequence of these two enzymes may be due to differences in signal sequence 377 recognition, but a potential interaction with another protein cannot be ruled out.
378
As the function of BlaX was not immediately apparent, we examined whether BlaX is 379 necessary to observe the β-lactamase activity of BlaD in strain 630Δerm. To test this, we 380 complemented the ΔblaXD strain with blaX and/or blaD in trans. The nitrocefin disk assays in
381
Figure 5B demonstrate that expression of blaD alone can restore β-lactamase activity in the
382
ΔblaXD mutant, indicating that BlaD can act independently of BlaX, despite the co-transcription 383 of these two genes. This result is further supported by the observation that the blaX::erm strain 384 exhibits some β-lactamase activity ( Figure 5A ).
386
BlaD contains a predicted signal sequence and is associated with the cell membrane
387
A common characteristic of β-lactamases is an N-terminal signal sequence that directs the 388 protein out of the cytoplasm. We hypothesized that the N-terminus of BlaD encodes a signal 389 sequence based on the signal sequence prediction within the first 18 amino acid residues (58, 390 59). We generated a truncated version of BlaD missing these first 18 residues (BlaDΔ18; 391 pblaDΔ18). As shown in Figure 5B , the expression of BlaDΔ18 is unable to complement the 392 absence of β-lactamase activity in the ΔblaXD mutant in a whole cell assay. qRT-PCR results
393
shown in Figure S9 confirm that blaX and/or blaD are expressed in the complemented strains,
394
indicating that the absence of gene expression is not the cause of the lack of observable β- 
418
Although BlaX is not necessary for BlaD activity (Figure 5A, B) , blaX is conserved in many C. 
424
native promoter. Figure 6A shows that in cell suspensions of ΔblaXD complemented strains,
425
the M120 BlaD (pM120blaD) exhibits two-fold higher activity than the 630Δerm BlaD (pblaD).
426
This result suggests that the M120 BlaD is superior to the 630Δerm BlaD at translocating to the 427 cell surface when BlaX is not present. However, M120 BlaD is only two-thirds as active as the 428 630Δerm BlaXD complement (pblaXD). In lysed cells, the M120 BlaD β-lactamase activity levels 429 are slightly higher than the 630Δerm BlaD ( Figure 6B) . Interestingly, the wild-type strains 430 630Δerm and M120 exhibit similar β-lactamase activity levels in both cell suspension and lysate
431
samples, indicating that their overall efficacy is comparable (Figure 6C and D) 
456
difficile encodes a BlaRI system that represses bla transcription in the absence of β-lactams.
457
Efforts to complement blaIR resulted in poor growth of E. coli mating strains, as well as C.
458
difficile, and were not successful.
459
To further confirm that the BlaRI system regulates the bla operon and to define its 
477
Our work has demonstrated that BlaD is a β-lactamase that is only active under 
484
Assaying β-lactamases from other anaerobic, Gram-positive bacteria under reducing conditions 485 may lead to the identification of more anaerobic β-lactamases in other species.
486
Our data indicate that BlaD acts at the cell membrane, in accordance with other β-
487
lactamases from Gram-positive bacteria (Figure 6 ). We have shown that BlaD likely contains a 488 signal sequence at the N-terminus, which facilitates translocation of BlaD to the membrane.
489
BlaD is not secreted into the environment, but remains associated with the cell surface ( Figure 6 ). While the exact function of BlaX is unknown, the data demonstrate that BlaD activity is 491 enhanced by the presence of BlaX ( Figure 6B) (Figures 6A and 6B) , the 74% of cell surface-associated activity of M120 BlaD (Figure 6B) , as well as the equal levels of β-lactamase activity of the 630Δerm strain compared 516 to M120 (Figure 6D ), suggest that M120 likely has a different mechanism of translocation.
517
We have shown that the bla operon confers resistance to ampicillin and is regulated by 518 the BlaRI system in C. difficile (Figures 5, 8) . Disruption of blaI resulted in constitutive 519 expression of blaX and blaD (Figure 7) , which resulted in improved growth in ampicillin ( Figure   520 8), supporting the model that BlaI is a direct repressor of the bla operon. We identified a 52- 
549
C. difficile strain 630Δerm was grown to mid-log in BHIS medium supplemented with sub-
550
inhibitory concentrations of β-lactams (Cfp: cefoperazone 50 μg/mL; Amp: ampicillin 2 μg/mL;
551
Ipm: imipenem 1.5 μg/mL). mRNA levels are normalized to expression levels in BHIS alone.
552
Columns represent the means +/-SEM from three independent replicates. Data were analyzed 553 by one-way ANOVA with Dunnett's multiple comparisons test, compared to no antibiotic.
554
Adjusted P values indicated by *≤0.05. 668 lysozyme 1 mg/mL, Nis: nisin 7.5 μg/mL, LL-37 2 μg/mL, and Kan: kanamycin 250 μg/mL). 
676
difficile was grown to mid-log in BHIS medium supplemented with increasing sub-inhibitory concentrations of A) cefoperazone (μg/mL: 3.125, 6.25, 12.5, 25, 50) 
682
Adjusted P values indicated by *≤0.05, ****<0.0001. A) The putative β-lactamase gene CD0458 is 27 bp downstream of the predicted membrane protein, CD0457. B) Relative expression of each gene was measured via qRT-PCR. C. difficile strain 630Δerm was grown to mid-log in BHIS medium supplemented with sub-inhibitory concentrations of β-lactams (Cfp: cefoperazone 50 µg/mL; Amp: ampicillin 2 µg/mL; Ipm: imipenem 1.5 µg/mL). mRNA levels are normalized to expression levels in BHIS alone. Columns represent the means +/-SEM from three independent replicates. Data were analyzed by one-way ANOVA with Dunnett's multiple comparisons test, compared to no antibiotic. . The N-terminus of BlaD is necessary for β-lactamase secretion, independent of BlaX. Hydrolysis of the chromogenic cephalosporin nitrocefin was assessed for A) strains 630∆erm, blaX::erm (MC905), and ΔblaXD (MC1327) and B) strain ΔblaXD complemented with blaX and/or blaD, expressed from their native promoter. Strains were grown anaerobically to mid-log in BHIS medium (with 2 µg/mL thiamphenicol for plasmid maintenance in B) +/-2 µg/mL ampicillin and pelleted. Cell pellets in ~30 µL of remaining media were incubated anaerobically on nitrocefin disks for 2 h. Color change from yellow to red indicates cleavage of nitrocefin. difficile were grown to mid-log phase in 2 µg/mL thiamphenicol and 2 µg/mL ampicillin and assayed for β-lactamase activity via a nitrocefin assay in A, C) supernatant or cell suspension and B, D) cell lysate or cell lysate filtrate. ΔblaXD pMC123 (MC 1400); ΔblaXD pblaXD (MC1399); ΔblaXD pblaD (MC1466); ΔblaXD pblaDΔ18 (MC1338); ΔblaXD pM120blaD (MC1494). Columns represent the means +/-SEM from at least three independent replicates. Data were analyzed by one-way ANOVA with Dunnett's multiple comparisons test, compared to pblaD in A) and B) or 630Δerm in C) and D), οr by a two-tailed unpaired student's t-test, where indicated by bars. Absence of asterisk indicates no statistically significant difference found. Adjusted P values indicated by *≤0.05, ****<0.0001. . blaXD is derepressed in the blaI::erm strain. qRT-PCR was performed to measure expression of A) blaX and B) blaD in C. difficile 630Δerm and blaI::erm strains grown to mid-log in BHIS media with or without β-lactam (Cfp: cefoperazone 60 µg/mL; Amp: ampicillin 2 µg/mL; Ipm: imipenem 1.5 µg/mL). mRNA levels are normalized to expression levels in 630Δerm in BHIS alone. Columns represent the means +/-SEM from three independent replicates. Data were analyzed by one-way ANOVA with Dunnett's multiple comparisons test, compared to expression in 630Δerm without antibiotic. Adjusted P values indicated by *≤0.05, **≤0.005. . blaI grants resistance to ampicillin. C. difficile strains 630Δerm (gray) and blaI::erm (MC985; red) were grown to mid-log, backdiluted to OD 0.05, and grown in BHIS (no marker) or BHIS supplemented (filled marker) with A) 60 µg/mL cefoperazone (Cfp), B) 4 µg/mL ampicillin (Amp), or C) 2 µg/mL imipenem (Ipm). Lines represent the means +/-SEM from three independent replicates. Data were analyzed by one-tailed paired Student's ttest, compared to 630Δerm. Adjusted P values indicated by *≤0.05. 
